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Abstract
The Fe80Cr10Si10 alloy was synthesized from the milling of a mixture of pure elements of Fe, Cr, and Si powders for various
times up to 15h. Characterizations of the milled powders were carried by X-ray diffraction, a vibratory sample magnetometer at
300 K and Mössbauer spectrometry.
It is observed the formation of the -bcc-Fe (Cr,Si) phase after 3 hours of milling. The grain size decreases with the increase of
the milling time and attains 10 nm at 15 hours. At the temperature of 300 K, the saturation magnetization (Ms) decreases with the
milling time. Its value at 10h of milling time is 167.4 emu/g. Also, the coercitive force decreases with the milling time. These
variations are related to the microstructural changes and the increase of defects induced by milling processes. The Mössbauer
spectroscopy shows two phases. The first one is ferromagnetic and is attributed to -Fe (Si,Cr) phase. The second phase rich in
Cr and Si is paramagnetic.
© 2009 Elsevier B.V.
PACS: 75.50.Tt; 81.20 Ev; 61.10.Nz; 76.80+y
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1. Introduction
Mechanical alloying (M.A) has gathered world wide attention as a means of production metastable and non-
equilibrium alloy phases. It is also a large potential for production amorphous alloys [1]. M.A is also well suited for
the production of nanocrystalline materials [2]. It proceeds by a solid state reaction between pure elements under
repeated deformation [3]. Synthesis of various nanostructured FeSi, FeCr, FeSiCr alloys have been reported
previously [4-6]. It has been shown that partially amorphous and nanocrystalline materials can be formed by M.A
from Fe-rich mixture of elemental powders [7, 8]. In the FeCr alloy system, the formation of a bcc phase is seen.
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Furthermore, for the ternary FeCrSi alloy and from the phase diagrams [9] as shown in fig.1, it is expected a two
phase region consisting of A2 (bcc disordered solid solution) and DO3 (Fe3 (SiCr) type) for the Fe80Si10Cr10
alloy. In this paper, we present the structural and magnetic properties of the nanostructured Fe80Cr10Si10 alloy.
Results of X-ray diffraction, Mössbauer spectroscopy and magnetic hysteresis curves of milled samples are
discussed.
2. Experimental procedure
The initial powders of Fe, Si and Cr with a purity of 99.9 % were mixed to obtain the composition Fe80Cr10Si10
( at %). Ball milling of the mixtures was performed in a planetary ball mill (Fritsh Pulverisette) containing stainless
steel vials and balls in rotation with a speed of 300 rpm. The ball-to-powder weight ratio was 17:1. The sampling
was carried out after 1, 3,5,10 and 15h of milling. All powder handling was done under a purified argon atmosphere
to prevent oxidation. The structures of samples were determined by X-ray diffraction using CoK radiation. The
grain sizes and the internal strains were obtained using the Williamson-Hall method [10].
The magnetic characterization was performed in dc magnetic field up to 7 T at temperature of 300K. The
Mössbauer spec tra were acquired at 300 K temperature using transmission geometry with a conventional constant
acceleration spectrometer, and the spectra were fitted using the MOSFIT program [11].
Fig. 1. Phase diagram of the Fe–Si–Cr ternary system at 873 K [9].
3. Results and discussions
Fig.2 shows the X-ray diffraction of the Fe80Cr10Si10 powders. The XRD patterns of the unmilled powder
indicates the characteristic reflection of individual constituent of the Fe,Si and Cr elements. After milling, only the
bcc phase peaks are visible (A2 solid solution -Fe (Si,Cr) ). And Cr and Si atoms dissolve into the Fe lattice. The
intensity of the bcc phase diffraction peaks decreases with increasing of milling time. Due to a crystalline size
reduction and increase of microstrains, the diffraction peaks broaden. This behavior is clearly seen in fig. 3 with the
evolution with milling time of the diffraction peak (110).
Fig. 2. XRD of Fe80Cr10Si10 of the unmilled (a) and milled powder for 1 h (b), 3 h (c), 5 h (d), 10 h (e) and 15 h (f).
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Fig. 3. Displacement of the Fe (110) XRD peak during mechanical alloying of the Fe80Cr10Si10 powder
A similar behavior is found for the M.A of the FeCrNi alloy [7] where the sharp crystalline diffraction peaks
broaden with a progressive decrease of their intensities. Fig. 4 shows the values of crystalline grain size and micro
strain as a function of milling time. And the increase of the milling time up to 15h decreases the grain size to 20 nm
with a high internal micro strain value (0.5 %). The elemental processes leading to grain size refinement generally
include three stages [12]. First, the deformation is localized in shear bands consisting of an array of dislocations with
high density. Then at a certain strain level, these dislocations annihilate and recombined to small angle grain
boundaries separating individual grains. Finally, the orientations of the single crystalline grains with respect to their
neighboring become completely random. In our case, the variations of the microstrains level are described by only
two stages. And further increase in the milling times will not change much the very small grain size.
Fig. 4. Grain size and internal microstrain as a function of milling time of the Fe80Cr10Si10 powder.
The lattice parameter variations of Fe phase are shown in fig. 5. It decreases up to 3 h of milling. This diminution
is due to the substitution of the Si atoms in the Fe lattice since the atomic radius of Si (0.132 nm) is smaller than that
of Fe (0.148 nm). Similar results are obtained for the FeSiNi and FeSi alloys [13, 14]. At higher milling times
(above 3h), the lattice parameter is varying as expected for the formation of a solid solution bcc phase ( up to 10 h)
and high disorder at 15h of milling.
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Fig.5. Variations of the lattice parameter with milling time of the Fe80Cr10Si10 powder.
Fig. 6. Hysteresis plots taken at 300 K of the Fe80Cr10Si10 powder.
Several magnetic measurements were performed with a hysteresis meter at 300 K with a maximum magnetic
field of 7T. The obtained saturation moment (Ms) value, determined from hysteresis loops, is about 180.9 emu/g for
the milled Fe80Cr10Si10 alloy. Increasing the milling time to 10h decreases Ms to 167.4 emu/g. This decrease can be
explained by the formation of the solid solution of the phase bcc. However, the coercitive force (Hc) decreases from
5600 A/m (at 0h) to 4800 A/m (at 10 h of milling). Comparatively, Hc is about 150 A/m in the melt spun Fe77.1
Si12.9Cr10 ribbon at 300 K [6]. This relatively high value of Hc at high milling time is probably due to the high
impurities and disorders introduced by the high mechanical deformation.
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Fig.7. Mössbauer spectra of the Fe80Si10Cr10 alloy at different milling time.
Mössbauer spectra obtained at 300 K for milled samples at 0, 5, 10 and 15 hours of milling for the Fe80Cr10Si10
powders are shown in figure7. It may be noted that the unmilled powder spectrum shows as expected only the sextet
ferromagnetic arrangement of the Fe atoms (H= 33 T). After 5h of milling, the six absorption peaks are highly
broadened indicating a large distribution of hyperfine fields due to the structural disorder induced by the mechanical
deformation. Also, the highest hyperfine field (estimated from the difference between the peaks 1 and 6) is smaller
with a mean value of 26.7 T. This smaller value is related to the formation of the bcc solid solution Fe (Si,Cr) in a
highly disordered magnetic iron sites. Also, at the center of the Mössbauer spectra, a small paramagnetic singlet
appears with an isomer shift (relative to iron) of 0.02 mm/s and an area of 4.5% (that corresponds to the relative
concentration). At 15 h of milling, this paramagnetic phase seems to increase and can be related to a phase rich in Cr
and Si. Comparatively in the X ray analysis, this phase is not seen due to its low concentration.
Conclusions
The mechanical alloying of the Fe80Cr10Si10 powder led to the formation of a solid solution bcc phase. The grain
size of the milled Fe80Cr10Si10 alloy is about 20 nm after 15h of milling time and the lattice parameter has a value of
2.857Å.
The saturation moment (Ms) value decreases as the milling time increases, with a value of 167.4 emu/g (at 10 h).
However, the coercitive force decreases to the value of 4800 A/m (at 10 h of milling).
The Mössbauer spectroscopy shows two phases. One is ferromagnetic and is attributed to -Fe (Si,Cr) phase solid
solution formed during milling alloying. The second phase is a paramagnetic iron phase rich in Cr and Si with a low
relative concentration of 4.5%.
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